A rectenna is an integral component of the Wireless Power Transmission (WPT) system or an electromagnetic energy harvesting structure. The rectenna receives electromagnetic energy and converts it to AC power. The AC power is then converted to DC power through a rectification circuit. The first WPT system was reported in 1963 by Brown. 1,2 In 1968, the idea of utilizing rectennas to harness energy from space known as Space Solar Power (SSP) was introduced by Glasser. 3 The SSP is based on using solar cells to collect solar energy in space at an altitude of around 36 000 km and then converting the power to microwaves for transmission to earth via highly directive antennas. At earth, the microwave energy is then received using a large rectenna farm and then converted to DC. 4, 5 Recent work focused on developing rectenna systems that suits specific applications. For instance, in applications where a relatively larger amount of power is required, an array of antennas is used to increase the amount of power channeled to the rectification circuitry. 6, 7 Other applications of rectenna systems include but not limited to RadioFrequency Identification (RFID), 8 driving mechanical actuators at high voltages, 9 wireless power transfer to a sensor buried in concrete, 10 and implantable rectennas for biotelemetry communications. 11 Interestingly, the reported work in the literature focused on the use of conventional antennas as the primary energy collector. [12] [13] [14] [15] [16] [17] [18] In a recent article, 19 the use of Split-Ring Resonators (SRRs) was proposed as an efficient collector for electromagnetic energy harvesting with wider frequency bandwidth in comparison to conventional antennas.
In this work, we introduce Complementary Split-Ring Resonators (CSRRs) for energy harvesting. 20 We present a structure composed of a CSRR cell backed by a ground plane. The structure has distinct advantages as will be shown below, most important of which is the ability to position it over a conducting surface and thus have it completely shielded from any wireless devices contained within the surface.
The CSRR is a planar conducting structure with a center island separated from the surrounding plane by etched single or multiple broken loops. The center conducting island is connected to its surroundings through narrow bridges. Figure 1 (a) shows a typical CSRR unit cell. At certain frequency, the CSRR resonates if excited with an external electric field having polarization predominant in the direction perpendicular to the CSRR plane surface. Similar to an RLC circuits, the resonance frequency depends on the inductance associated with the length of the electric current path on the bridges and the capacitance associated with the size of the gap between the center and surrounding conductors. The resonance phenomena in the CSRR is also highly similar to the RLC circuit such that at resonance the stored energy within the CSRR structure oscillates between the electric and magnetic fields and leads to a build up of relatively high electric currents on the bridges. The strength of resonance, which is indicative of the intensity of the stored electromagnetic energy within the resonator, depends on the incident angle and polarization of the excitation wave. The maximum resonance strength is expected for a grazing incident wave with the electric field vector perpendicular to the CSRR surface. 21 This polarization (grazing incidence) is impractical if the CSRR was placed on a low-profile platform perpendicular to the zenith angle. By placing a ground plane underneath the dielectric slab such that the slab is kept electrically very thin, the dominant electric field vector within the slab is then forced to be perpendicular to the ground plane under practically any polarization (with different resonance intensities depending on the angle of incidence). The CSRR with ground backing, henceforth referred to as G-CSRR, is shown in Fig. 1(b) .
A G-CSRR was designed using thin microstrip patch with etched broken loop over a t ¼ 0.79 mm thick Rogers Duroid RT5880 substrate to resonate at 5.8 GHz. To achieve resonance at 5.8 GHz, the dimensions of the G-CSRR were L ¼ 8 mm, g ¼ 0.55 mm, s ¼ 4 mm, and W ¼ 0.2 mm (see Fig. 1 ). The G-CSRR was designed and optimized using the commercial electromagnetic full-wave simulator ANSYS V R
HFSS
TM by calculating the natural frequencies of the structure (using eigen mode solver) to coincide with the desired resonance frequency. Figure 2 shows the simulated magnitude of the electric field perpendicular to the copper plane at the resonance frequency of 5.8 GHz for a CSRR and G-CSRR unit cells, respectively, excited with a plane wave incident normally at both structures (both incident electric and magnetic fields parallel to the surface of the structures). We observed that at the resonance frequency, relatively high electric field develops inside the dielectric slab and thus on the G-CSRR conductors in comparison to the case of CSRR unit cell without the ground plane. This indicates that the capacitance associated with the gap between the G-CSRR and the ground plane has strong effect on the resonance phenomena. The key observation here is that given identical field illumination, the magnitude of the electric field on the G-CSRR unit cell is almost one order of magnitude higher than the field associated with the CSRR unit cell. Figure 3 shows the simulated induced surface current density on the bridge of the designed G-CSRR when excited by a horn antenna at oblique incidence of h ¼ 30
, where h is measured as the angle between the propagation vector of the incident wave and the unit vector normal to the G-CSRR plane (see inset of Fig. 4 ). In the numerical simulation, the horn antenna was positioned at a distance of 117 cm far from the center of the G-CSRR to ensure that the illuminating field in the proximity of the G-CSRR cell is a plane wave. The induced current distribution was calculated for the G-CSRR operating at the resonance frequency of 5.8 GHz and the G-CSRR operating at 6.0 GHz which is slightly different from the resonance frequency. A dramatic drop of almost one order of magnitude in the current density was observed by the slight shift in the operating frequency.
The aforementioned observation suggests to interpret the G-CSRR at resonance as a voltage-controlled current source parallel to the RLC circuit generating the current on the bridge. This suggests that the G-CSRR can be used to harvest electromagnetic energy by channeling the induced current through a resistive load. To collect and channel the current on the bridge into a resistive load, a via interconnect with diameter of 0.1 mm passing through the dielectric slab was added to the design (see Fig. 1(b) ). Figure 4 gives the calculated open-circuit voltage developed between the G-CSRR plane (or via) and the ground plane of the designed G-CSRR illuminated by a horn antenna for different incident angles.
The maximum voltage across the gap between the via and the ground plane is observed to be associated with normal incidence where the incident electric field vector is completely transverse to the G-CSRR plane. In fact, the electric field along the etched area on the top surface penetrates into the dielectric slab and builds up strong electric field vector perpendicular to the G-CSRR surface.
To describe the energy harvesting using the designed G-CSRR illuminated by a horn antenna, we placed a resistor at the gap between the via and the ground plane to mimic the resistive load, as shown in Fig. 5 . Figure 6 represents the power absorption calculations for various resistive loads. For the particular G-CSRR illuminated by a horn antenna at the angle of h ¼ 30 , a resistance of 250 X was found to yield the maximum power absorption. Alternatively, the optimal resistance can be found by numerically calculating (through full-wave simulation) the input impedance of the G-CSRR at resonance. The input impedance was determined by placing a current source at the feed point (same location of the optimal resistance shown in Fig. 5 ) and then calculating the voltage across it and taking the ratio of the calculated voltage to the current source. Fig. 7 shows the input resistance and reactance of the G-CSRR. At the resonance frequency of 5.75 GHz, the input impedance was found to be purely resistive and equals approximately 257 X, which is very close to the optimal resistance of 250 X calculated through optimization.
A G-CSRR was fabricated using identical material and design recipe to the one used in the simulation above. The fabricated G-CSRR was loaded with a resistive load of R ¼ 250 X as shown in Fig. 8 . The incident field was generated using a commercially available 19 dB gain array antenna operating at the center frequency of 5.8 GHz with a matching bandwidth of 2.5 GHz. The G-CSRR was positioned at a distance of 60 cm far from the transmitting antenna such that the plane of G-CSRR was parallel to the plane of the transmitting antenna for normal incident. A 12 GHz Agilent Infiniium 91304ADSA oscilloscope equipped with a single-ended probe was used to record the voltage across the resistive load. A maximum voltage of 460 mV at the resonance frequency of 5.8 GHz was measured. We note that the measured resonance frequency for the experimental G-CSRR was shifted by approximately 0.055 GHz from the design due to typical fabrication tolerances.
In the electromagnetic energy harvesting systems such as the solar cells or rectennas, the physical area which can be assigned to the energy collector systems is limited by a specific area such as rooftop of a building or area of the land or device. Consequently, one critical goal will be maximizing the total output power of the energy collectors versus available power on their footprint. The microwave to AC conversion efficiency was defined earlier 19 as the efficiency of the antenna or power harvester to transfer the total microwave power incident on a specific area to available power at the feed of the AC to DC link. By defining a footprint for the power harvester, the microwave to AC efficiency is defined as the ratio of maximum available time-average power at the terminals of the power harvester P av to the total timeaverage incident power on the specific footprint of the power harvester(s) P inc . Since the physical area of a collector can be smaller than its effective aperture area, the microwave to AC conversion efficiency may exceed 100%.
The microwave to AC conversion efficiency of the fabricated G-CSRR was calculated and shown in Fig. 9 . The profile of the measured efficiency of the fabricated G-CSRR closely fits the predicted profile obtained using full-wave simulation. The high concentration of field within the G-CSRR exacerbates the Ohmic losses which would be responsible for not achieving the numerically calculated efficiency. More specifically, there is only 0.05 GHz deviation in the resonance frequency of the fabricated G-CSRR from the design. The fabricated G-CSRR has a bandwidth of approximately 330 MHz the maximum measured efficiency at the resonance frequency is approximately 60%. Analysis of the G-CSRR as an antenna in the transmitting mode gave a maximum directivity of 1.86 (antenna gain of 1.22) in the direction normal to the antenna surface (endfire direction). The antenna radiation efficiency (i.e., the antenna used as a transmitter) profile is shown in Fig. 9 . At resonance, the G-CSRR radiation efficiency was observed to be 65%, which is identical to the microwave to AC efficiency. Outside resonance, however, the radiation efficiency and the microwave to AC efficiency can differ substantially as shown in Fig. 9 . We note that higher radiation efficiency outside resonance does not necessarily imply higher transmitted power as the antenna is highly mismatched outside resonance. The feasibility of electromagnetic power harvesting using G-CSRR structures was demonstrated. As a proof of concept, a G-CSRR was designed, optimized, and fabricated to resonate at a desired frequency. By placing an optimal resistive load at the gap between the via and the ground plane, the dissipated power which is indicative of the G-CSRR potential as an energy collector was calculated and measured. 
